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A STUDY OF DISPLAY SYSTEMS FOR MANUAL GUIDANCE 

OF LARGE LAUNCH VEHICLES U T I L I Z I N G  THE 

X-15 AIRPLANE AND FLIGHT SIMULATORS 

By Armando E .  Lopez, Gordon H. Hardy, 
and Ronald M .  Gerdes 

Ames Research Center 

SUMMARY 

A s tudy has  been made of  t h e  e f f e c t i v e n e s s  of d i s p l a y  systems f o r  
manually guiding launch veh ic l e s  with t h e  accuracy r equ i r ed  f o r  e a r t h  o r b i t  
i n j e c t i o n .  Three guidance systems were i n v e s t i g a t e d  i n  two f l i g h t  s imula to r s .  
One guidance d i sp lay  system was implemented on t h e  X - 1 5  research  a i r p l a n e  t o  
determine t h e  system's e f f ec t iveness  i n  a real  f l i g h t  environment. 

A l l  t h r ee  guidance schemes presented  t o  t h e  p i l o t  t h e  e r r o r s  i n  a l t i t u d e  
and a l t i t u d e  r a t e  with r e spec t  t o  a r e fe rence  t r a j e c t o r y .  The p i l o t ' s  t a s k  
was t o  n u l l  t h e  e r r o r  s i g n a l s  by c o n t r o l l i n g  t h e  veh ic l e  so t h a t  i t s  
t r a j e c t o r y  matched, as c l o s e l y  as p o s s i b l e ,  t h e  r e fe rence  t r a j e c t o r y .  

The r e s u l t s  of t h e  s imula tor  s tudy show t h a t  t h e  human p i l o t  i s  capable  
of guiding a veh ic l e  t o  a r e fe rence  t r a j e c t o r y  wi th in  t h e  accuracy r equ i r e 
ments of cur ren t  manned spacec ra f t  launch v e h i c l e s ,  The r e s u l t s  of two X-15 
f l i g h t s  with one of  t h e  guidance systems ind ica t ed  no adverse e f f e c t s  of r e a l  
f l i g h t  environment, 

INTRODUCTION 

Present ly ,  automatic f l i g h t  con t ro l  systems a r e  used f o r  t he  primary 
guidance and con t ro l  of ope ra t iona l  manned launch v e h i c l e s .  The crew does 
not  a c t i v e l y  p a r t i c i p a t e  wi th in  e i t h e r  t h e  guidance o r  con t ro l  loop. The 
t a s k  of t he  crew during t h e  boost  phase i s  t o  monitor t h e  automatic c o n t r o l  
system, t o  d e t e c t  malfunct ions,  t o  manipulate swi tches ,  and t o  abor t  t h e  f l i g h t  
i n  case of a major malfunct ion.  

Inves t iga t ions  have shown t h a t  a manual backup guidance and con t ro l  
system can compensate f o r  t h e  most probable f a i l u r e s  i n  the  primary system 
and can inc rease  t h e  o v e r a l l  mission r e l i a b i l i t y .  A s tudy of t he  p i l o t  con
t r o l l i n g  t h e  f i r s t  s t a g e  of t h e  Saturn v e h i c l e  ( r e f .  1) i nd ica t ed  t h a t  t h e  
p i l o t  could inc rease  t h e  p r o b a b i l i t y  of  mission success  f o r  c e r t a i n  s imulated 
automatic-system f a i l u r e s .  Another s tudy  ( r e f .  2) showed t h a t  even wi th  a 
crude d i g i t a l - t y p e  d i s p l a y ,  t h e  human p i l o t  could guide t h e  upper s t ages  of 
t h e  Saturn veh ic l e  i n t o  a near -ear th  c i r c u l a r  o r b i t  with t h e  r equ i r ed  i n j e c 
t i o n  accuracy. In t h e  s tudy  repor ted  i n  r e fe rence  3,  t h e  p i l o t  used va r ious  



guidance d i s p l a y  systems t o  guide and con t ro l  t h e  upper s t ages  of  a l a r g e  
launch veh ic l e .  I n  a d d i t i o n  t o  these  f ixed-cockpi t  s t u d i e s ,  cen t r i fuge  
s t u d i e s  have demonstrated t h a t  t h e r e  i s  no measurable decrease i n  p i l o t  pe r 
formance a t  t h e  a c c e l e r a t i o n  l e v e l s  a s s o c i a t e d  with cu r ren t  launch v e h i c l e s  
( r e f s .  1 and 4 ) .  

A s  p a r t  o f  t h i s  coordinated r e sea rch  e f f o r t  i n t o  manual guidance f o r  
l a r g e  launch v e h i c l e s ,  it was f e l t  t h a t  d a t a  taken under f l i g h t  condi t ions  
approximating as n e a r l y  as p o s s i b l e  those  of  t h e  Sa turn  boost would be of 
g r e a t  value i n  a s ses s ing  t h e  effects of  a real  f l i g h t  environment. A com
par i son  ind ica t ed  t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  X-15 and Saturn boost  phase 
were s u f f i c i e n t l y  similar t h a t  t h e  X-15 r e sea rch  a i r p l a n e  could be used i n  
determining t h e  e f f e c t s  of  f l i g h t  environment. 

The o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  was t o  s tudy t h r e e  manual guidance 
d i s p l a y  systems dur ing  t h e  boost  phase of  t h e  X-15 a i r p l a n e .  P r i o r  t o  t h e s e  
f l i g h t s ,  a s e r i e s  o f  s imulated f l i g h t s  were made t o  ob ta in  base l ine  d a t a  f o r  
comparison with t h e  f l i g h t  da t a .  I t  was intended t h a t  a l l  t h r e e  d i s p l a y  
systems used i n  t h e  s imula t ions  would be used as primary boost guidance dur ing  
a c t u a l  f l i g h t s  with t h e  X-15, bu t  unfor tuna te ly ,  only two f l i g h t s  with one of 
t h e  systems were completed before  t h e  te rmina t ion  of t h e  X-15 program, 

This r e p o r t  reviews t h e  s imi la r i t i es  between t h e  Saturn and X-15 t r a j e c 
t o r i e s  and con t ro l  systems during boost and d i scusses  t h e  r e s u l t s  of t h e  
s imulat ion d a t a  and t h e  l imi t ed  f l i g h t  r e s u l t s .  The d a t a  a r e  d iscussed  i n  
terms of t r a j e c t o r y  con t ro l  during boost ,  e r r o r s  i n  a l t i t u d e  and a l t i t u d e  r a t e  
with r e spec t  t o  a nominal t r a j e c t o r y  and p i l o t  r a t i n g s  of  t hese  systems, 

COMPARISON OF SATURN V AND X-15 

F l i g h t  P r o f i l e s  

The f l i g h t  parameters during boost  f o r  a high a l t i t u d e  f l i g h t  of t h e  
X-15 are compared i n  f i g u r e  1 with t h e  f irst  s t a g e  of t h e  Saturn V veh ic l e  a t  
similar a l t i t u d e s  and v e l o c i t i e s .  The time i n d i c a t e d  i n  t h i s  f i g u r e  i s  t h e  
t i m e  from launch of t h e  X-15 from t h e  mother s h i p ,  The time h i s t o r y  f o r  t h e  
Saturn veh ic l e  has been s h i f t e d  t o  give maximum c o r r e l a t i o n  with t h e  f l i g h t  
parameters of  t h e  X-15. The d i s s i m i l a r i t y  i n  t h e  f irst  po r t ion  of t h e  f l i g h t  
i s  t o  be expected, inasmuch as t h e  comparison i s  between a v e r t i c a l  and h o r i 
zonta l  launch. However, t h e  parameters t h a t  are c r i t i ca l  f o r  comparing t h e  
X-15 and Saturn- launch-vehicle  manual guidance and con t ro l  systems 
(aerodynamic p res su re  and long i tud ina l  a c c e l e r a t i o n )  agree well ,  

A t t i t ude  Control Systems 

The adapt ive  f l i g h t  con t ro l  system on board t h e  X-15 veh ic l e  i s  a high-
ga in ,  rate-command system i n  p i t c h  and r o l l  and a high-gain damper system 
about t he  yaw a x i s .  The ga in  of  t h e  system i s  v a r i a b l e  s o  as t o  provide con-

The system u t i l i z e ss t a n t  a i rp l ane  response throughout t h e  f l i g h t  envelope, 
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both  aerodyxamic con t ro l s  f o r  high
dynamic-pressure condi t ions  and reac
t i o n  con t ro l s  f o r  low-dynamic-pressure 
condi t ions  t o  provide con t ro l  over  t h e  
e n t i r e  f l i g h t  regime. This  system i s  
descr ibed i n  d e t a i l  i n  re ference  5 .  

The p i t c h - a t t i t u d e  frequency 
response t o  long i tud ina l  s t i c k  pos i 
t i o n  f o r  t h e  X-15 ( f i g .  2) i n d i c a t e s  
t h a t  w i th in  t h e  frequency range gener
a l l y  a s soc ia t ed  wi th  manual con t ro l  
(w 5 1)  , t h e  a i r p l a n e  long i tud ina l  
response approximates a rate-command 
system ( i . e . ,  approximately 20 dB drop 
p e r  decade).  The f l i g h t  condi t ions  
are those  approximately midway through 
t h e  boos t  phase f o r  a h i g h - a l t i t u d e  
f l i g h t  (V = 3000 f t / s e c  o r  1000 m/sec 
and h = 85,000 f t  o r  28 km) . Since 
t h e  con t ro l  system i s  a high-gain 
adapt ive system, the  dynamic response 
c h a r a c t e r i s t i c s  do no t  vary s i g n i f i 
can t ly  throughout t h e  boos t  phase from 
what i s  shown i n  f i g u r e  2 .  

The a t t i t u d e  response of  t h e  
Sa turn  veh ic l e  ( a l s o  presented  i n  
f i g .  2) i n d i c a t e s  t h a t  a t y p i c a l  man
u a l  a t t i t u d e  con t ro l  system f o r  t h i s  
veh ic l e  a l s o  approximates a r a t e -
command system wi th in  t h e  frequency 
range gene ra l ly  a s soc ia t ed  with manual 
con t ro l .  The con t ro l  system charac te r 
i s t ics  depic ted  are those  a s soc ia t ed  
with t h e  most c r i t i c a l  po r t ion  of  t h e  
f l i g h t  ( i . e . ,  t h e  reg ion  of h ighes t  
dynamic p res su re ,  V = 1500 f t / s e c  o r  
485 m/sec and h = 40,000 f t  o r  13  km) . 
These condi t ions  and con t ro l  systems 
a r e  descr ibed  i n  r e fe rence  1. 

The r a p i d  inc reases  and decreases  
I IO i n  phase a t  3 and 7 rad ians  p e r  second 

w ,  rad/sec assoc ia t ed  wi th  t h e  Sa turn  veh ic l e  a r e  
Figure 2.- Pitch attitude frequency response of produced by the Of and 

X-15 and Saturn V vehicles. t h e  f i r s t  bending mode, r e s p e c t i v e l y .  
These two items were n o t  considered i n  
eva lua t ing  t h e  frequency response of  
t h e  X-15 a i r p l a n e .  
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The s i g n i f i c a n t  conclusion from t h e  d a t a  is  t h a t  t h e  p i l o t  w i l l  respond, 
i n  t h e  a t t i t u d e  con t ro l  loop o f  both v e h i c l e s ,  i n  approximately t h e  same 
manner. I n  o t h e r  words, w i t h i n  a con t ro l  loop where t h e  c o n t r o l l e d  element 
may be  descr ibed  by a rate-command system (K/s),  t h e  a n a l y t i c a l  func t ion  t h a t  
descr ibes  t h e  p i l o t  may b e  approximated by Ke-Ts ( i . e . ,  a s imple ga in  and a 
pure time de lay ,  ref .  6 ) .  This  i s  t h e  s imples t  form f o r  desc r ib ing  a p i l o t  
s i n c e  i t  involves  no l e a d  o r  l a g  terms. 

GUIDANCE DISPLAY SYSTEMS 

Adoptive vehicle 1 schematic  diagram i n  f i g u r e  3 .dT/- z t e r  - &!:: --dynamics 

Conventionall I. * system I I 
I I  Attitude
I ----- display 
I 

I

I Single K h n h t K h n 6  O n - b r d  
-

System A r------ error - computerneedleI 
. 

I 
I Dual K ~ A L  O n - b r d  -

System B r------ error - computer
I needles 

__.-I---

I 

system c L------
I x-y  Khh, K 6 6  O n - b r d -

Display computer 

The d i sp lays  a s s o c i a t e d  with 
t h e s e  systems are depic ted  i n  f i g 
u r e  4 .  Each system disp layed  t h e  
t r a j e c t o r y  e r r o r s  (Ah and Ah) with 
r e spec t  t o  a nominal t r a j e c t o r y  i n  a 
s l i g h t l y  d i f f e r e n t  manner ( see  f i g 
ure  4 ) ;  each r equ i r ed  d i f f e r e n t  
on-board computation and each 
involved a d i f f e r e n t  mode o f  p i l o t  
i n t e r p r e t a t i o n .  

In  system A ,  t h e  instantaneous 
values  o f  a l t i t u d e  and a l t i t u d e  r a t e  
a r e  s u b t r a c t e d  from t h e  re ference  

4 




t h e r e  might be less on-board computation 
bu t  t h e r e  would be an a d d i t i o n a l  d i sp l ay  
t h a t  would n e c e s s i t a t e  a d d i t i o n a l  
i n t e r p r e t a t i o n  by t h e  p i l o t .  

termination In  system C ,  t h e  a l t i t u d e  and a l t i t u d e  
r a t e  are d isp layed  on an x-y type d i sp lay  
upon which t h e  r e fe rence  t r a j e c t o r y  has been 
etched.  The x-y d i s p l a y  used i n  t h i s  

2000 study was a modi f ica t ion  of t h e  X-15 energy 
management d i sp l ay  system descr ibed  i n  r e f e r -
ence 7.  I t  u t i l i z e s  a gas d ischarge  tube  

1600 mounted below t h e  a t t i t u d e  i n d i c a t o r ,  which 
resembles a cathode ray tube  except t h a t  

1200L / I ' u d i s c r e t e  l i g h t s  a r e  spaced i n  a 10 by 1060,000 80,W l00.000 120,000 140,000 
h mosaic f o r  each square inch of  t h e  4- by- 4-inch d i sp lay  (see f i g .  5 ) .  The parameters 

Figure 5.- Schematic view of x-y display. 	 displayed were computed and updated t h r e e  
times p e r  second, This  system requ i r e s  very 

l i t t l e  computation. Since the  nominal t r a j e c t o r y  i s  etched on t h e  f a c e p l a t e ,  
a l l  comparisons with t h e  nominal t r a j e c t o r y  a r e  performed by t h e  p i l o t .  

The d i sp lays  used i n  systems A and B a r e  " f ly- to"  systems; t h a t  i s ,  an 
upward d e f l e c t i o n  of t he  needle  i s  an i n d i c a t i o n  t o  t h e  p i l o t  t h a t  t h e  v e h i c l e  
i s  below t h e  nominal t r a j e c t o r y  and t h a t  he should r o t a t e  t h e  veh ic l e  t o  a 
higher  climb rate .  The d i sp lay  used i n  system C i s  an e r r o r  d i sp l ay  system, 
t h a t  i s ,  when the  "bug" i s  below the  etched t r a j e c t o r y ,  t h e  v e h i c l e  i s  below 
the  nominal t r a j e c t o r y  . 

SIMULATION 

T h r e e  guidance systems were used i n  both f ixed-cockpi t  s imula tor  s t u d i e s .  
A s e r i e s  of s imulated f l i g h t s  was conducted using a s i m p l i f i e d  X-15 simula
t i o n  a t  Ames. These t e s t s  were aimed a t  determining b a s i c  d i sp l ay  configura
t i o n s  and s e n s i t i v i t i e s .  The r e s t  of t h e  s imula t ion  d a t a  were obta ined  from 
the  h i g h - f i d e l i t y  X-15 s imula tor  a t  F l i g h t  Research Center (FRC). The pur
pose of those t e s t s  was t o  r e f i n e  t h e  d i sp lay  and ob ta in  a d d i t i o n a l  b a s e l i n e  
da t a .  The FRC s imula t ion  is  r e l a t i v e l y  complete, dup l i ca t ing  t o  a l a rge  
ex ten t  ac tua l  f l i g h t  hardware inc luding  a c t u a l  hydrau l i c  and control-system 
hardware. 

Three research  p i l o t s  who have had wide experience wi th  many types of 
a i rc raf t  and con t ro l  systems p a r t i c i p a t e d  i n  t h e  X-15 s imula tor  s tudy a t  Ames, 
and two of t hese  p i l o t s  and two X-15 research  p i l o t s  p a r t i c i p a t e d  i n  t h e  
s tudy a t  FRC. There were no s i g n i f i c a n t  d i f f e rences  between t h e  guidance 
system performance measured on t h e  X-15 and Ames f ixed-cockpi t  s imu la to r s ,  
nor  were t h e r e  any no t i ceab le  d i f f e r e n c e s  i n  performance measurements between 
t h e  Ames and FRC p i l o t s  on t h e  X-15 f l i g h t  s imula tor .  However, t h e  X-15 
research  p i l o t s  r a t e d  t h e  guidance systems s l i g h t l y  b e t t e r  than t h e  Ames 
p i l o t s  d id ,  probably because of t h e i r  f a m i l i a r i t y  with t h e  con t ro l  system and 
the  conventional guidance system ( 0  p r o f i l e )  of t h e  X-15. 
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E f f e c t s  of  Display S e n s i t i v i t y  

The effects o f  d i s p l a y  s e n s i t i v i t y  and conf igura t ion  on t h e  p i l o t s  
a b i l i t y  t o  guide t o  an acceptab le  t r a j e c t o r y  us ing  t h e  t h r e e  guidance d i sp lay  
systems were eva lua ted  as i l l u s t r a t e d  i n  f i g u r e s  6 and 7 .  These d a t a  were 
used t o  select  t h e  s e n s i t i v i t y  f o r  t he  f l i g h t  experiments.  Three measurements 
of performance were made: (a) i n t e g r a t e d  squared e r r o r ;  (b) s tandard  devia
t i o n  o f  apogee-a l t i tude  e r r o r ;  and (c) p i l o t ’ s  r a t i n g  ( r e f .  8 ) .  
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Figure 6.- Effects of display sensitivity, single- Figure 7.- Effects of display sensitivity, dual

error-needle system. error-needle system. 


The i n t e g r a t e d  squared e r r o r  was used as a measure of  how c lose  the  p i l o t  
f lew t h e  veh ic l e  t o  t h e  des i r ed  t r a j e c t o r y  throughout t h e  s imulated f l i g h t .  
The e r r o r  i n  apogee a l t i t u d e  was ca l cu la t ed  from the  guidance e r r o r s  a t  t h r u s t  
t e rmina t ion .  The formula used was based on t h e  apogee a l t i t u d e  being equal  t o  
t h e  summation of t h e  v e r t i c a l  components of t h e  p o t e n t i a l  and k i n e t i c  energy 
(consider ing cons tan t  g r a v i t y  and a f l a t  e a r t h ) ,  

i 1 2  


hap = hco + 	1 co 
2 g  
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s o  t h a t  t h e  approximate expression f o r  apogee a l t i t u d e  e r r o r  i s  

fico 
Ah = Ahco + -n 

aP g 4 0  

The s tandard  dev ia t ion  ( 0 )  of  t h e  ca l cu la t ed  apogee-a l t i tude  e r r o r  f o r  each 
p i l o t  was used as an i n d i c a t i o n  of t h e  accuracy with which t h e  p i l o t  could 
match the  ve r t i ca l  energy condi t ions  of  t h e  re ference  t r a j e c t o r y  a t  t h r u s t  t e r 
mination. The d a t a  p l o t t e d  r ep resen t  t h e  average CT f o r  a l l  t h e  p i l o t s .  
The p i l o t ' s  r a t i n g  was used as a s u b j e c t i v e  i n d i c a t i o n  of  t h e  r e l a t i v e  
d i f f i c u l t y  of  t h e  t a sk  involved. 

The range over  which t h e  s e n s i t i v i t i e s  were va r i ed  was d i c t a t e d  by 
launch veh ic l e  guidance accuracy requirements and by t h e  l i m i t a t i o n s  of t h e  
computer system. The e r r o r  needle  systems (A and B) were s t u d i e d  with values 
of K i ,  t h e  s e n s i t i v i t y  of  t h e  a l t i t u d e - r a t e - e r r o r  s i g n a l ,  from 0.001 t o  0.004 
(1 i n .  d e f l e c t i o n  equiva len t  t o  1000 and 250 f t / s e c  a l t i t u d e - r a t e  e r r o r ,  
r e spec t ive ly )  and with values  o f  Kh, t he  s e n s i t i v i t y  of t h e  a l t i t u d e - e r r o r  
signal,  from 0.0001 t o  0.00055 (1  i n .  d e f l e c t i o n  equiva len t  t o  10,000 and 
1800 f t  a l t i t u d e  e r r o r ,  r e s p e c t i v e l y ) .  

The s e n s i t i v i t y  o f  t h e  x-y type d i sp lay  was d i c t a t e d  by t h e  phys ica l  
s i z e  of t he  d i sp lay  ( f i g .  5) and t h e  range of a l t i t u d e s  and a l t i t u d e  r a t e s  
t h a t  occurred during t h e  boos t  phase of f l i g h t .  A t  t h e  completion of  t h e  
i n i t i a l  pul l -up maneuver, t h e  climb ra te  was approximately 1200 f t / s e c  a t  
approximately 60,000 f t  of  a l t i t u d e .  A t  t h r u s t  t e rmina t ion  t h e  climb r a t e  
was approximately 2600 f t / s e c  a t  an a l t i t u d e  o f  about 140,000 f t .  These 
values  s e t  t h e  maximum and minimum values  on t h e  x-y d i sp lay .  

The d a t a  presented  ( f i g s .  6 and 7) a r e  t h e  r e s u l t s  f o r  var ious  s e n s i t i v 
i t i e s  of  t he  e r ror -needle  d i sp l ay  systems. Each d a t a  p o i n t  r ep resen t s  t h e  
average of  many tes t  runs (up t o  16, from t h e  s imula t ions  a t  FRC and Ames) 
a t  given values  of t he  two s e n s i t i v i t i e s .  

S ingle-er ror -needle  system.- A s  Kh, t he  s e n s i t i v i t y  of  t h e  a l t i t u d e -
e r r o r  s i g n a l  , was increased ,  performance with t h e  s ing le -e r ro r -need le  system 
gene ra l ly  improved ( f i g .  6 ) .  The average i n t e g r a t e d  a l t i t u d e  e r r o r  e&, 
showed a marked decreased as Kh was increased  from 0.0001 t o  0.0002. How
eve r ,  no add i t iona l  improvement occurred when Kh was increased  beyond-
0.0002. The average s t anda rd  dev ia t ion  of  apogee-a l t i tude  e r r o r ,  aap, and 
t h e  average i n t e g r a t e d  a l t i t u d e - r a t e  e r r o r ,  ;& , gene ra l ly  showed improved 
performance as Kh was increased .  

The e f f e c t s  of  changes i n  K i ,  t h e  s e n s i t i v i t y  of  t h e  a l t i t u d e - r a t e 
e r r o r  s i g n a l ,  i s  shown i n  f i g u r e  6 .  Although t h e  p i l o t s  i nd ica t ed  a p r e f e r 
ence f o r  t he  more s e n s i t i v e  a l t i t u d e - r a t e - e r r o r  d i sp l ay  (Ki = 0.004) ,  i n  
t h e  range of  p r e f e r r e d  s e n s i t i v i t y  of  t h e  a l t i t u d e - e r r o r  d i sp l ay  (Kh 0.0002) 
t h e  ob jec t ive  performance measurements i n d i c a t e d  a s l i g h t  improvement wi th  t h e  
less s e n s i t i v e  d i sp lay  (Kj, = 0.002) .  

Dual-error-needle system.- The e f f e c t s  on t h e  performance measurements 
of  changes i n  t h e  d i sp lay  s e n s i t i v i t y  of  t h e  dua l -e r ror -needle  system are 
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shown i n  f i g u r e  7 .  These d a t a  show a d i s t i n c t  improvement i n  a l l  performance 
measurements wi th  t h e  more s e n s i t i v e  a l t i t u d e - r a t e - e r r o r  s i g n a l  (s= 0.004) .  
With % set  a t  0.004, t h e  b e s t  performance was obta ined  wi th  5 set  
between 0.0002 and 0.0004. 

On the  b a s i s  of t hese  da t a ,  t h e  d i s p l a y  s e n s i t i v i t y  f o r  t h e  f l i g h t  
experiments w a s  se t  a t  Kh = 0.0002 and Ki = 0.004. According t o  f i g u r e s  6 
and 7, a t  t hese  s e n s i t i v i t i e s  t he  p i l o t  should be  ab le  t o  a t t a i n  t h e  d e s i r e d  
apogee a l t i t u d e  wi th in  approximately 1500 feet  us ing  e i t h e r  d i s p l a y  system 
A o r  B. 

x-y Display.- The i n t e g r a t e d  e r r o r s  i n  a l t i t u d e  and a l t i t u d e  rate are 
not  presented  f o r t h e  x-y d i sp lay  s i n c e  they  do not  re f lec t  t h e - a b i l i t y  of 
t he  p i l o t  t o  match t h e  t r a j e c t o r y  presented  t o  him as a p l o t  of h vs .  h .  
To i l l u s t r a t e  t h i s  po in t ,  we can r e f e r  t o  f i g u r e  5 .  F o r  example, i f  t h e  
re ference  t r a j e c t o r y  c a l l e d  f o r  t he  a l t i t u d e  and a l t i t u d e  r a t e  corresponding 
t o  p o s i t i o n  a b u t  a combination of  e r r o r s  p laced  the  rrbugrfa t  p o s i t i o n  b ,  
t h e  p i l o t  could not  d i s t i n g u i s h  any e r r o r .  This would r e s u l t  i n  excess ive ly  
l a r g e  i n t e g r a t e d  e r r o r s .  However, as long as t h e  p i l o t  terminated h i s  t h r u s t  
a t  t he  ind ica t ed  proper  p o s i t i o n ,  t h e  sum of  the  v e r t i c a l  components of 
k i n e t i c  and p o t e n t i a l  energy would p l ace  t h e  veh ic l e  a t  t h e  proper  apogee 
a1t itude .  

Using t h e  x-y d i sp lay ,  t he  p i l o t  was ab le  t o  con t ro l  t h e  veh ic l e  s o  
t h a t  the  ca l cu la t ed  apogee a l t i t u d e  e r r o r  had a s tandard  dev ia t ion  of  s l i g h t l y  
over 2000 f t .  The t r a j e c t o r y  con t ro l  throughout t h e  f l i g h t  was not  as p r e c i s e  
as with e i t h e r  of  t h e  two er ror -needle  systems. 

The fol lowing d a t a  are presented  f o r  comparing t h e  x-y d i sp lay  t o  t h e  
e r ror -needle  systems. The s e n s i t i v i t y  of t h e  e r ror -needle  system i s  t h a t  
s e l e c t e d  f o r  t he  f l i g h t  experiments.  

S ingle  needle  Dual needle  x.-y Display 

Kh 0.0002 0.0002 0.0005 

0.004 0.004 0.0025 

P i l o t ' s  r a t i n g  
(average) 2 . 7  3.0 2 . 5  

- f t
aP '0 1200 600 2100 

- ~ 

Although t h e  p i l o t s  r a t e d  t h e  x-y d i sp lay  somewhat b e t t e r  than  t h e  
o t h e r  systems, t h e  s tandard  dev ia t ion  i n  apogee a l t i t u d e  was l a r g e r .  This 
e r r o r  may be a t t r i b u t a b l e ,  a t  l e a s t  i n  p a r t ,  t o  two f e a t u r e s  of t he  x-y 
d isp lay ;  t h e  grossness  o f  t h e  s e n s i t i v i t y  compared t o  t h a t  of t h e  e r ror -needle  
system and the  d i sc re t eness  of t he  d i sp lay  (see f i g ,  5 ) .  

One s i g n i f i c a n t  comment made by one of  t h e  X-15 r e sea rch  p i l o t s  was 
"ac tua l  phys ica l  d i sp l ay  is  poor ( i . e . ,  because it has p a r a l l a x  and a non
continuous t r ack ing  bug),  bu t  concept is" g r e a t .  If proper ly  mechanized with 
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cross-poin ters  o r  an accura te  e l e c t r o n  tube,  t h i s  could be a r e a l  winner, 
p a r t i c u l a r l y  i f  the  p i l o t  had a l l  t h e  f l i g h t  parameters d i sp layed  (as  I d id )  
f o r  a 'how-goes-it '  c ros s  checking." 

P i l o t  Techniques 

The p i l o t ' s  t a s k  during t h i s  s tudy was t o  guide the  X - 1 5 ,  us ing  t h e  
d i sp lay  provided, so  t h a t  t h e  t r a j e c t o r y  would match, as c l o s e l y  as p o s s i b l e ,  
t he  re ference  t r a j e c t o r y .  Following t h e  i n i t i a l  pu l l -up  maneuver, t h e  p i l o t  
attempted t o  match t h e  a l t i t u d e  and a l t i t u d e - r a t e  p r o f i l e  of  t he  re ference  
t r a j e c t o r y  u n t i l  t h r u s t  t e rmina t ion .  Although t h i s  s tudy w a s  devoted predom
i n a n t l y  t o  guidance and con t ro l  i n  t h e  v e r t i c a l  plane,  t h e  p i l o t  w a s  s t i l l  
subjec ted  t o  the  workload normally a s soc ia t ed  with guidance and con t ro l  about 
t h e  o t h e r  axes as w e l l  as monitoring a l l  f l i g h t  systems and o t h e r  experiments 
on board the  X-15 a i r p l a n e .  

...- . .-.-.Single-er ror -needle  system.- The p i l o t s '  response t o  t h e  e r r o r s  i n  
guidance d i f f e r e d  s l i g h t l y  with each d i sp lay  system. With the  s ing le -e r ro r 
needle  system, gene ra l ly  t h e  p i l o t s '  response resembled the  t r ack ing  of an 
e r r o r  s i g n a l  i n  a s ing le -ax i s  compensatory t a s k .  They attempted t o  n u l l  t h e  
e r r o r  s igna l  as r ap id ly  as p o s s i b l e ,  r e s u l t i n g  i n  an o s c i l l a t i o n  of  t he  e r r o r  
s i g n a l ,  A E ,  about t h e  n u l l  throughout t he  boost phase (see f i g .  8 ( a ) ) .  

150x103 -Nominal runs with the  s ing le -e r ro r -need le  sys-
tem, t h e  o s c i l l a t i o n s  about t h e  n u l l  
po in t  of t h e  d i sp lay  were very l i g h t l y  
damped and appeared t o  have a pe r iod  of  

,I I I I I l l I I o s c i l l a t i o n  between 1 2  and 20 seconds.  

During t h e  s e r i e s  of  s imula tor  

3000 r 

.2.4L 

(a) Single-error-needle system. 


Figure 8.- Time history of simulated flight, 

FRC simulator. 


A simple ana lys i s  t o  determine what 
system c h a r a c t e r i s t i c s  with a p i l o t  i n  
t h e  loop would cause t h i s  s o r t  of 
behavior i nd ica t ed  t h a t  i f  t h e  t r a n s f e r  
func t ion  desc r ib ing  t h e  p i l o t  were a 
simple ga in  and t r a n s p o r t  de lay ,  even 
modest ga ins  would r e s u l t  i n  a l i g h t l y  
damped o s c i l l a t i o n  of about 18 seconds,  
This ana lys i s  i s  descr ibed  i n  t h e  
appendix. 

Dual-error-needle system.- While 
. .- . -.  -~ 

us i n- t h e  dua1-e r ror- ne ed1e s ystem, 
the  p i l o t  appeared t o  concent ra te  more 
on the  end-point cond i t ions .  Af t e r  a 
f e w  p r a c t i c e  runs he could determine 
how much e r r o r  i n  a l t i t u d e  r a t e  w a s  
s u f f i c i e n t  t o  overcome an a l t i t u d e  
e r r o r  i n  the  oppos i te  d i r e c t i o n  and 
a r r i v e  a t  t h e  des i r ed  end-point condi
t i o n s  a t  t h r u s t  t e rmina t ion .  General ly ,  
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1 5 0 ~ 1 0 ~-Nominal the error signal would approach the--Actual null asymptotically, as illustrated in 
h, f l  the typical time history in figure 8(b). 

50 

I I I I I I I x-y Display system.- The pilot 

His response generally resulted in an
-
AE,in. 

.2 
c’/-\\ ’ .\kJLI A,A-7b--J 

asymptotic approach of the error signal 
o /  	 to the null position at thrust termina

tion. This is illustrated by a typical
--.2 time history in figure 8(c). 

1 1 1 I 1 

desired end-point conditions could beI I ; r”
Y-

‘ /; 

obtained with the x-y display.
.2
‘‘L ;\;

\-/--- Flight Experiments
-.2 

-.4 0 IO 20 30 40 50 60 
The pilot completed two flights in 

Time from launch. set 
70 00 the X-15 with the single-error-needle 

display system. Both were high alti
(c) x-y display. tude flights similar to that depicted 

Figure 8.- Concluded. 	 in figure 1. A time history of a few 

parameters telemetered to a ground 

station during these flights is 

presented in figures 9(a) and 9(b). 
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Actual 

h, f t  I;/ //-----5 0  

0 I I 

3000 r 

'19 
Time from launch, sec 1, 

(b) Second flight. 


Figure 9.- Time histories of flight experiments with single-error-needle guidance system. 


During t h e  f i rs t  f l i g h t  ( f i g ,  9 ( a ) )  t he  p i l o t  f lew t h e  veh ic l e  so  t h a t  
i t s  t r a j e c t o r y  remained very  c lose  t o  t h e  nominal t r a j e c t o r y  throughout t h e  
boost phase.  The excursions about t h e  n u l l  of t h e  e r r o r  s i g n a l ,  A &  were 
about k0 .2  inch,  which i s  s l i g h t l y  l a r g e r  than t h e  excursions during the  
simulated f l i g h t s  (see f i g .  8 ( a ) ) .  

A t  about 63 seconds i n t o  t h i s  f l i g h t ,  t he  p i l o t  observed an anomalous 
behavior of t h e  e r r o r  d i sp l ay .  The needle changed from about 0 . 2  inch pos i 
t i v e  t o  a n u l l  p o s i t i o n  f o r  about one second and then re turned  t o  0 . 2  inch 
p o s i t i v e .  A t  t h a t  p o i n t ,  t h e  p i l o t  abandoned t h e  e r r o r  guidance system and 
r eve r t ed  t o  t h e  primary guidance ( 8  p r o f i l e ) .  Despite t h e  e x t e r n a l  d i s t u r 
bances of a real  f l i g h t  environment and t h e  anomalous t r a n s i e n t  behavior  of 
t he  e r r o r  s i g n a l ,  t h e  a c t u a l  t r a j e c t o r y  matched c lose ly  t h e  r e fe rence  
t r a j e c t o r y  throughout t h e  boost  f l i g h t .  

The p i l o t  of t h e  second f l i g h t  was low i n  h i s  a l t i t u d e  r a t e  dur ing  t h e  
i n i t i a l  pul i -up maneuver. The e r r o r  needle  went t o  i t s  p o s i t i v e  l i m i t  u n t i l  
about 25 seconds i n t o  t h e  boost  phase.  When t h e  e r r o r  needle  commenced show
ing a decrease i n  e r r o r ,  t h e  p i l o t  d i d  not  respond as r a p i d l y  as t h e  p i l o t  of 
t h e  first f l i g h t .  I t  appears t h a t  t h e  p i l o t  of t he  second f l i g h t  responded 
t o  t h e  e r r o r  s i g n a l s  i n  such a manner as t o  approach the  nominal t r a j e c t o r y  
asymptot ica l ly .  
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Comparison o f  System Performance 

The guidance d i sp lay  systems were compared on t h e  b a s i s  of  t h e  a b i l i t y  
of  t he  p i l o t  t o  achieve acceptab le  t h r u s t  cu t -o f f  cond i t ions .  The requi red  
accuracy a t  t h r u s t  t e rmina t ion  f o r  a t y p i c a l  launch v e h i c l e  i s  approximately 
50.1' i n  f l i g h t - p a t h  angle  and k3000 f t  (1000 m) i n  a l t i t u d e  with r e spec t  t o  
t h e  nominal t r a j e c t o r y  values  of  t hese  parameters .  A t  o r b i t  v e l o c i t y  an 
accuracy of  +0.1" i n  f l i g h t - p a t h  angle  is equ iva len t  t o  an accuracy of  approx
imately k45 f t / sec  i n  a l t i t u d e  ra te .  The t r a j e c t o r y  accuracy requirements on 
a l t i t u d e  and a l t i t u d e  ra te  a t  t h r u s t  t e rmina t ion  f o r  t h e  X-15 a r e  
approximately t h e  same, +3000 f t  and +45 f t / s e c ,  r e s p e c t i v e l y .  

The a l t i t u d e  and a l t i t u d e - r a t e  e r r o r s  a t  t h r u s t  t e rmina t ion  f o r  t h e  
s imula t ion  t e s t s  and t h e  two f l i g h t  experiments a r e  presented  i n  f i g u r e  10. 

The dashed l i n e s  i n  t h i s  f i g u r e  repre
s e n t  t h e  accuracy requirements of a 

Ah+*h(cJ W y)p"I/ l a r g e  launch v e h i c l e  a t  t h r u s t  termina-W 

t i o n .  The r e s u l t s  i n d i c a t e  t h a t  with 

' 
' 

I 
I 
1 

-50 50-9-0-9-m 

Altitude - rote error, ft/sec 

Figure 10.- Guidance errors at thrust termination. 


e i t h e r  of t h e  t h r e e  guidance systems , 
t h e  p i l o t  was ab le  t o  guide the  veh ic l e  
s o  t h a t  t h e  cu t -o f f  condi t ions  were 
wi th in  t h e  p re sc r ibed  accuracy requi re 
ments. General ly  t h e  p i l o t  was ab le  t o  
match t h e  r e fe rence  a l t i t u d e  b e t t e r  
with t h e  s ing le -e r ro r -need le  system 
than with t h e  o t h e r  two systems. (The 
d a t a  i n  f i g .  10 i n d i c a t e  a maximum 
a l t i t u d e  e r r o r  of about 400 f t  f o r  t h e  
s ing le -e r ro r -need le  system.) With the  
o t h e r  two systems, t h e  a l t i t u d e  e r r o r  
increased  by a small amount. The prob
a b l e  reason f o r  t h i s  r e s u l t  i s  as f o l 
lows. The f l i g h t - p a t h  angle a t  a given 
v e l o c i t y  a t  t h r u s t  t e rmina t ion  de te r 
mines t h e  f l i g h t  range of  t h e  X-15. 
The p i l o t  must maneuver t h e  X-15 SO 
t h a t  it has t h e  c o r r e c t  f l i g h t - p a t h  

angle  t o  reach t h e  des i r ed  landing s i t e .  I f  he  i s  presented  the  cl imb-rate  
e r r o r  and a l t i t u d e  e r r o r  on s e p a r a t e  i n d i c a t o r s ,  he w i l l  accept  a small  
e r r o r  i n  a l t i t u d e  i n  o rde r  t o  achieve a more accu ra t e  climb r a t e  a t  t h r u s t  
t e rmina t ion .  

The t h r u s t  t e rmina t ion  condi t ions of t he  two f l i g h t  experiments a r e  
presented  i n  f i g u r e  10 and a r e  compared with t h e  s imula to r  r e s u l t s .  Although 
both f l i g h t s  r e s u l t e d  i n  s l i g h t l y  l a r g e r  e r r o r s  i n  a l t i t u d e  than the  s imulated 
f l i g h t s ,  the  a l t i t u d e - r a t e  e r r o r  was approximately t h e  same as  with t h e  simu
l a t i o n  da ta .  On t h e  b a s i s  o f  t hese  l imi t ed  r e s u l t s ,  t h e r e  appears t o  be  no 
adverse e f f e c t  of real  f l i g h t  environment on t h e  a b i l i t y  t o  guide with t h i s  
guidance scheme. 
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CONCLUDING REMARKS 


With either of the three guidance display systems investigated (single

error needle, dual-error needle, and x-y display), the pilot was able to 

guide during simulated flights to an accuracy in altitude and altitude rate 

within the accuracy required for large launch vehicles. 


Although the limited flight data (two flights) indicated a slightly 

greater altitude error at thrust termination than the results of the simula

tion data, the errors were still within the prescribed limits of altitude and 

altitude rate. 


Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, Sept. 8, 1969 
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APPENDIX 


ANALYSIS OF CLOSED-LOOP GUIDANCE 


A review of t h e  time h i s t o r y  of t h e  s ing le-er ror -needle  system i n d i c a t e d  
a very l i g h t l y  damped o s c i l l a t i o n  of t h e  e r r o r  s i g n a l ,  A E ,  with a pe r iod  of  
about 1 2  t o  20 seconds and a simple a n a l y s i s  was made t o  determine i t s  cause.  
For t h e  c a l c u l a t i o n s ,  t h e  p i l o t  was assumed t o  be a simple ga in  and pure t i m e  
de lay .  The de lay  t i m e  w a s  approximated by a simple f i r s t - o r d e r  Pad6 
approximation , 

where K i s  t h e  ga in  of t h e  p i l o t  i n  t he  loop. 

The value of T, t i m e  de lay ,  was assumed t o  be about 0 .5 ,  This i s  some
what higher  than t h e  value from s ing le -ax i s ,  s ing le- loop  da ta  of r e fe rence  6 ;  
however, o the r  i n v e s t i g a t i o n s  ( e . g . ,  r e f s .  9 and 10) i n d i c a t e  t h a t  a va lue  
above 0.5 i s  not  unreasonable when t h e  p i l o t  i s  involved i n  a complete t a s k  
of monitoring a panel  and c o n t r o l l i n g  about t h r e e  axes under r e a l - f l i g h t  
environment. 

The r o o t  locus p l o t s  presented  i n  
f i g u r e  11 are t h e  r e s u l t s  of t h e  ana l 
y s i s  of t h e  s ing le-er ror -needle  system. 
The p a r t i c u l a r  f l i g h t  condi t ions chosen 
from t h i s  a n a l y s i s  were h = 85,000 f t  
and M = 3 . 0 ,  corresponding t o  t h e  
c h a r a c t e r i s t i c s  shown i n  f i g u r e  2 .  The 
low frequency po le s  and zeros which do 
not  affect  t h e  manual con t ro l  system 
a n a l y s i s  have been omitted from t h e  
p l o t .  

The s i g n i f i c a n t  po in t  t h a t  may be 
i n t e r p r e t e d  from t h i s  p l o t  i s  t h a t  with 
t h e  time de lay  which may be considered 
reasonable  (0.5) f o r  a r e a l  f l i g h t  envi
ronment, t h e  p i l o t  must opera te  a t  a 
low ga in  i n  t h e  guidance loop. With 
t h i s  t ime de lay ,  i f  t h e  p i l o t  opera tes  
near h i s  maximum gain  f o r  a s t a b l e  sys
tem (approximately where t h e  r o o t  locus 
c rosses  t h e  j w  a x i s )  t h e  n a t u r a l  f re 
quency of  t h e  e r r o r  s i g n a l  would be 

Figure 11.- Root locus p l o t  of guidance loop with about 0 . 3 3  r ad / sec  which would r e s u l t  
two transfer functions for human pilot. i n  a very l i g h t l y  damped o s c i l l a t i o n  
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with a per iod  of about 18 seconds.  This corresponds t o  t h e  frequencies  noted 
f o r  t h e  o s c i l l a t i n g  e r r o r  s i g n a l  i n  t h e  s imula to r  t e s t s  and t h e  f irst  f l i g h t  
experiments.  General ly  t h e  o s c i l l a t i o n  per iods  ranged from 1 2  t o  20 seconds 
throughout t h e  tests with t h e  s ing le-er ror -needle  system. 
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